plays a central role in homeostasis by maintaining a stable pool of circulating metabolic fuels and by regulating the composition of blood through its many clearance, detoxification, hormone inactivation, and storage functions. A comparatively young, but growing body of evidence suggests that in addition to, and perhaps complementing, these well-known hepatic functions, are neural receptors within the liver and its vasculature which detect a variety of physiological events. These posited sensory receptors appear to activate a number of physiological and behavioral responses that help correct homeostatic imbalances, many of which are associated with the consequences of ingestion. In this paper we will survey the literature pertaining to these sensory functions of the liver. Although several recent reviews summarize the current knowledge of interoceptor function (e.g., 91, 107, 141, 183, 219), none of these treats the findings discussed here in any detail.
physiological, and behavioral evidence for neural receptors in the liver. Several lines of evidence suggest that the afferent innervation of the liver may be substantial, although few anatomic studies have directly addressed the question of an hepatic sensory supply. On the other hand, there is convincing functional evidence for a variety of hepatic sensory receptors. Hepatic osmo-, ion, and baroreceptors, sensitive to changes in the osmolarity and electrolyte concentrations in blood and to variations in portal venous pressure, modulate diuresis and natriuresis.
Metabolic receptors, for which the adequate stimuli have not yet been specified, influence feeding behavior and gastric acid secretion in response to alterations in hepatic metabolism associated with changes in the supply of metabolic fuels. Directions for future research are suggested and general conclusions about the role of hepatic receptors in homeostasis are discussed.
baroreceptors; chemoreceptors; feeding behavior; body fluid balance; gastric acid secretion; hepatic neuroanatomy; ion receptors; osmoreceptors Such then, is the nature and position of the liver, which enables it to carry out its function of prophecy. Plato, Timaeus
THE MAMMALIAN LIVER
plays a central role in homeostasis by maintaining a stable pool of circulating metabolic fuels and by regulating the composition of blood through its many clearance, detoxification, hormone inactivation, and storage functions. A comparatively young, but growing body of evidence suggests that in addition to, and perhaps complementing, these well-known hepatic functions, are neural receptors within the liver and its vasculature which detect a variety of physiological events. These posited sensory receptors appear to activate a number of physiological and behavioral responses that help correct homeostatic imbalances, many of which are associated with the consequences of ingestion. In this paper we will survey the literature pertaining to these sensory functions of the liver. Although several recent reviews summarize the current knowledge of interoceptor function (e.g., 91, 107, 141, 183, 219), none of these treats the findings discussed here in any detail.
Though the overall evidence for hepatic sensory functions appears quite convincing, it is difficult to draw --firm conclusions about the existence and function of hepatic receptors from any single approach to the problem. The innervation of the liver has proven to be especially resistant to study by the conventional histological and electrophysiological techniques used to characterize interoceptors. Direct anatomic evidence for hepatic afferent nerve endings is far from conclusive, and electrophysiological evidence, often gleaned from in vitro preparations, is frequently contradictory and difficult to relate to normal function. A major portion of the present discussion will rely on findings from physiological and behavioral experiments, that, too, are sometimes inconsistent. Despite the fact that in several instances a functional approach has yielded compelling evidence to support the existence of specific hepatic neural sensitivities, necessarily attendant to this type of analysis is the problem of what is the critical stimulus for the presumptive receptors, and the related issue of how changes in liver function are transduced into a neural signal. Given this state of the art, the term receptor will be used here in the least restrictive sense; in no instance has the morphological substrate for any electrophysiological, physiologic&, or behavioral response presumed to involve hepatic afferents been identified.
With these caveats in mind, we shall first review the general neuroanatomy of the liver, emphasizing the experimental evidence and issues directly related to the structure and function of the hepatic afferent nerves. Then the various sensory modalities that have been attributed to the liver will be treated individually, stressing the nature and quality of the evidence for each. Finally, we will discuss problems associated with different methodological approaches to the study of hepatic receptors and attempt to draw some general conclusions about the role of such receptors in certain aspects of homeostasis.
Ntw-oanatomy of the Liver c artery Aspects of the vagus, splanchnic, and phrenic nerves enter the mammalian liver via the porta hepatis, gen-(44), and with the erally in association with the bile ducts and hepatic hepatucytes of the portal vasculature (e.g.*, 63, 117). Ramifications of these nerves form two fairly well-defined, albeit intercommunicating, plexuses around the hepatic artery (anterior helamina patic plexus) and the portal vein (posterior plexus) (7, (157). Most of these 18, 95, 103, 105, 138, 150). Several secondary routes of contain dense-core vesicles entry, including one by way of the hepatic vein (86), have also been described (138, 205). There are many individual and species differences in the sources and distributions of hepatic nerves; for example, the phrenic nerves do not appear to consistently contribute to the innervation of the liver in man and cat (7, 150, 155, 210) . In addition, direct hepatic projections from both the anterior and posterior vagi enter the liver in man, cat, and dog (7, 1 17, 208), whereas on1 Ya single hepatic branch of the anterior vagus is apparent in the rat (108).
The majority of intrinsic hepatic nerves are similarly associated with the vascular and biliary systems. Light microscope studies have shown that a large proportion of fibers ramify with major vessels and form fine plexuses in the adventitia of arterioles and venules. From there, branches extend to the media to terminate on smooth muscle fibers, suggesting that these nerves may subserve vasomotor functions (7, 127, 176, 218). There are also descriptions of fibers running through and terminating near the Disse's spaces, the pericapillary margins that separate endothelial from parenchymal cells (70, 118, 127, 194, 195) . Limited studies with the transmission electron microscope h ave confirmed that the greatest number of nerve fibers are associated with the vasculature, including branches of the portal vein, hepatic artery, and arterioles (40, 94, ES'), with endothelial cells at the terminal branches of the hepatic at their terminals and have been tentatively identified as adrenergic effector neurons (40, 70). In addition, there are isolated reports of nerve terminations on Kuppfer cells (70) (which are generally acknowledged to serve phagocytic and pinocytotic functions), and on the fat-storing cells of Ito (94).
Characterizing much of the litirature on the intrinsic innervation of the liver is a long-standing debate as to whether or not hepatic parenchymal and other intralobular cells are innervated (see also 217). The question of intralobular innervation is of central importance to the present discussion because it has a direct bearing on the kind of information that may be available to hepatic neural receptors. Specifically, while receptors based exclusively monitor any in . &I the vascula ture may be expected to .ven chemical or physical property of the blood, intralobular receptors would potentially provide a more integrated view to the extent their output would reflect the impact of changes in blood composition on overall hepatic function.
Despite several early reports of a substantial intralobular innervation (31, 77, 102, 106, 114, 149, 156), other workers were unable to identify fibers that clearly terminated in the parenchyma (7, 84, 104, 126, 134). These conflicting reports apparently stemmed from the inability of older gold, silver, and osmium staining techniques to adequately discriminate between neural and argyrophilic connective tissue fibers (104, 134). As a result, it has, until recently, been widely held that only the vascula r and biliary systems were privy to the innervation prov';ded by the hepatic nerves (e.g., 103, 120, 151). However, modern light microscopic studies do provide ample evidence of fibers circumscribing, and probably terminating upon, hepatocytes (99, 118, 127, 194, 195, 204, 205) and Kuppfer cells (127, 156, 218) .
Recurring throughout the literature are reports of "'intracellular" nerve fibers that apparently penetrate the cytoplasm of hepatocytes, sometimes extending to the nuclear membrane (31, 77, 114, 149, 156, 206) . Although electron micrographs have confirmed the existence of terminals residing within cytoplasmic invaginations, these appear to be rare. Yamada (222) and Forssman and It0 (70) working with mouse and tree shrew livers, respectively, observed fibers running in the Disse's spaces and unencapsulated terminals Gaking direct contact with hepatocytes. Such terminals were commonly embedded in indentations in parenchyma1 cells (see also 206) and contained varying numbers of both clear and dense-core vesicles. The apposed membrane densifications (desmosomes) characteristic' of most chemical synapses were not, however, observed in mouse (222) or human liver (94).
these have been suggested as innervating the arterial Histofluorescence studies of the adrenergic innervation of liver have, until recently, failed to demonstrate sinusoids of Elias and Petty (64). Among any substantial parenchymal innervation. Catecholaminergic nerves are confined to the hepatic blood vessels lower mam-(primarily the portal vein), the intralobular spaces associated with vessels, and, to a lesser extent, the bile ducts (16, 194, 211 The existence in the portal vein or liver of osmoreceptars that can be activated before central osmoreceptors are called into play was first suggested by Haberich and co-workers (79, see also 21%. Reviews treating various portions of this literature arc available il, 78, 219). In the first studies it was shown that infusions of water into the hepatic portal vein of conscious rats, which changed the osmolarity of the portal blood by an estimated I%, produced a rapid increase in urine flow, whereas similar infusions into the vena cava produced no significant effect. Diuresis in response to caval infusions could be achieved with longer infusion periods, but was less marked and of a far longer latency than that following intraportal infusions (79). When changes in osmolarity were limited to the liver, by means of a "double-infusion" technique in which distilled water was infused intraportally while twice isoc tonic saline was concurrently giv 'en i ntracavally (so that the total sol ution introduced into the circula tion would be isotonic), a diuretic response was again obt ained (80) . Adding ished the response sali ne to the portal infusate diminto the poin t that if the doubleinfusion procedure was reversed (i.e., saline given intraportaliy and water intracavally), a modest antidiurcsis was observed I 801.
These same results were obtained when sodium-free glucose and mannitol solutions were used as osmotic stimuli, suggesting true osmoreception. Moreover, the observed effects cannot be attributed to changes in portal blood flow, as the infusion rates employed GO-100 pl/min) were well within the range over which port,al flow does not influence urine output (80). Attempts to demonstrate the involvement of a humoral diuretic factor in crossed circulation experiments were unsuccessful ( 191, but antidiuresis following transfusion of blood from an osmotically stimulated animal was observed, implicating ADH (20) or at least some bloodborne factor as the effectur in this reflex. Consistent with this view is a report of increased electrical activity of cells in the paraventricular and supraoptic hypothalamic nuclei following portal infusions of hypertonic (3-5%) saline (115, cf. 178).
Information from these hepatic osmoreceptors appears to be carried, at least in part, by the vagus nerves. Remote section of the hepatic branch of the vagus, bY simply pulling on a previously implanted ray 'on suture, abolished both the diuretic and antidiuretic responses in the double-infusion paradigms described above (57). Consistent with this finding are those of Niijima (129) who, using an isolated guinea pig liver preparation, found a direct relationship between the osmolarity of the liver perfusate and afferent discharge from units in dissected nerve filaments of the hepatic vagus. Addition of sodium chloride to the perfusate was used to vary the osmolarity of the perfusate over a range of 316-346 mosM. Addi tion of hyperosmotic mono-and disaccharides to the perfusi .on medium al so increased afferent output; however, becau se this i ncrease was approximately the same as that observed when sodium chloride in twice the osmotic concentration was added, it is not clear whether these nerve fibers were quantitatively or specifically sensitive to osmotic stimuli (see also 13). Sympathetic nerves may be involved as well inasmuch as section of the dorsal roots attenuates the antidiuretic response to portal infusions of hypertonic saline (6; see also 178).
Distinct populations of nerves sensitive to changes in colloidal osmotic pressure also have been described by Andrews and Orbach (14) who, using a perfused rabbit liver, recorded from nerve bundles in the cut end of an unspecified hepatic nerve. About 10% of the bundles showed an increase in nerve activity when the liver was perfused with a Krebs medium containing 0.6 mM polyvinylpyrrolidone (mol wt 44,000) or dextran (mol wt 110,000). Changing the concentration of the dextran led to variations in firing rates. Varying the overall ionic concentration of the perfusate, or addition of 0.8 mM polyethylene glycol (mol wt 6,000), sucrose (to 60 mM), or mannitol (to 22 mM> produced no change in discharge from nerve bundles. These results suggested the nerves that responded during perfusion of the large molecular weight colloids were distinct serve a n osmoreceptor function from those that might Evidence for hepatic osmoreceptors in the dog is less clear. Lydtin (112) has reported that administration of hypotonic (0. 45%) sodium chloride via either oral or portal routes in dogs produced a greater diuresis and sodium excretion than peripheral venous infusion. Inasmuch as sodium-free infusates were not used, it is impossible to determine whether the responses were specifically osmoregulatory (see below). Glasby and Ramsay (75), on the other hand, observed no difference between portal and systemic infusions of 0.45% saline on a variety of measures including urine flow and sodium and potassium excretion. It is possible that the higher infusion rates employed (0.5 and 1.0 ml/kg per min) in this latter experiment may have obscured any effect of portal infusion (200; see also 144). However,
Schneider et al. (180), using infusion rates comparable to those used by Lydtin (112) (0.250 ml/kg per min), also found no difference between portal and caval infusions of distilled water. Some indirect evidence for hepatic osmoreceptors in man has been reported as well (81, 100, 113), although one group (30) failed to replicate these findings.
The role of hepatic osmoreceptor mechanisms under normal conditions may well be to provide a means by which potential osmotic challenges to the parenteral environment may be rapidly tempered (78). Gauer (74) has gone so far as to suggest that hepatic osmoreceptors may provide the primary mechanism by which plasma osmolarity is regulated on a day-to-day basis. But perhaps the best available clue as to the function of this system is that provided by Adachi et al. (3) who have shown that, although hepatic vagotomy affects neither overall water intake nor urine output in freely fed and watered rats, it does limit the ability of the animal to quickly adjust its urine output in response to intragastric water load or water deprivation (see also 100). the control of saline drinking by rats. Blake and Lin (381 have shown that portal vein infusions of hypertonic sodium chloride into thirsty rats decrease isotonic saline consumption but have no effect on water intake in a two-bottle preference test. Infusion of the hypertonic saline into the inferior vena cava had no effect, and section of the right cervical vagus abolished the effect of portal infusions.
Portal injections of 2 M sucrose or fructose had no effect on water or saline consumption, suggesting that the response to hypertonic saline was ion-specific. Infusions of 2 M glucose into the portal vein increased saline preference and intake, whereas portal injections of 2-deoxyglucose (2-DG), an inhibitor of glucose utilization, decreased only saline intake. Caval infusions of glucose or its analogue had no effect on saline intake. were not altered by vagotomy, but were abolished by application of local anesthetics to either the pedicel of the kidney or to the renal nervous plexus, suggesting a neurogenic effect whose efferent branch is provided by the sympathetic innervation of the kidneys.
The source of the afferent limb was not identified and may have involved stimulation of afferents in either the portal or mesenteric venous beds (10, see also 15). Note in this regard that "crush stimulation" of the anterior hepatic plexus in dogs produces a reversible decrease in renal blood flow and increased intrarenal vascular resistance (87, 88, cf. 48). Glomerular filtration rate and sodium and urea clearances were secondarily depressed, and nerve blockade with procaine abolished these effects. However, the possible influence of carotid sinus baroreceptors (83) could not be discounted in these studies, because aortic pressure also fell in response to nerve crush.
Niijima (130) has recorded afferent discharges from nerve filaments of the cut end of the hepatic branch of the splanchnic nerve. In an isolated guinea pig liver preparation, the discharge rate of the nerve was directly Eel&d to the perfusion pressure. A stop-flow procedu showed th at the receptors were sen sitive to changes .re in pressure rather than volume, and local stimulation of the liver or portal vein wall at the site of entry into the liver also caused increased firing of afferents ( see also 123). Similar results were obtained in vivo with rabbits and it was shown, in addition, that the time course of nerve activity in response to increased perfusion pressure was correlated with changes in portal venous pressure.
Increases in hepatic arterial pressure produced no change in nerve activity.
The activity of hepatic and/or cardiac pressoreceptors could help to explain the fact that several laboratories, in the course of investigations on hepatic sodium and osmoreception, have noted that high rates of saline infusion give rise to increases in urine flow and sodium clearance, independent of the infusion site (180, 200). Similarly, it is difficult to know whether changes in perfusion pressure may account for some of the changes in afferent discharge rate of hepatic nerves that have been observed in response to portal infusions.
Metabolic Receptors
We have reviewed evidence for the existence in the liver of receptors that are sensitive to changes in the osmotic or ionic composition of plasma. In each case, these receptors have been fairly well characterized both with respect to the physiological responses they controlled and to the specificity of the stimuli eliciting these responses. In this section we will review evidence for receptors in the liver for which the functions appear to be established, but for which the adequate stimulus has not yet been clearly identified.
Receptor cells that trigger feeding behavior and gastric acid secretion have been thought to be activated by decreases in cerebral glucose utilization (49, 116). Evidence for such "glucoreceptors" has been based partly on the assumption that various treatm .ents such as injection of insulin, glucose analogues, or glucose affect feeding or acid secretion as a result of their effect on glucose metabolism. However, recent findings described below and elsewhere (72) cast doubt on this assumption by suggesting that these first two treatments affect the oxidation of metabolic fuels in general and not just glucose specifically.
Given ' the overlap of metabolic pathways for different energy-yielding substrates, the effects of glucose administration cannot be considered a specific manipulation either. In fact, recent experiments demonstrating the ability of different metabolic fuels other than glucose to influence feeding and gastric acid secretion suggest that the stimulus controlling these responses may involve some change common to the utilization of various metabolic substrates.
Furthermore, even if it is shown that only glucose is effective in modulating these responses, this may simply reflect differences in the ability of the animal to utilize other fuels under particular experimental conditions. Thus, it is difficult to specify the metabolic stimulus controlling feeding and gastric acid secretion as it is difficult to make specific and restricted manipulations in overlapping and sequentially ordered metabolic pathways. The location of receptors controlling feeding and gastric acid output has been assigned until recently to the brain; however, it is becoming increasingly clear that sensors in the liver may be involved as well. Although much of the research on hepatic receptors for feeding and acid secretion has been conducted and interpreted in relation to the assumed existence of glu coreceptors, we will consider it an open question whether the liver specifically detects fluctuations in glucose metabolism or whether some more general metabolic event provides the adequate stimulus modulating feeding and acid secretion. The research described below will be discussed in light of this ambiguity. A sensory role for the liver in the control of food intake was first suggested bv Russek (164, see X7-170 for reviews). He found that' the duration of anorexia produced by intraperitoneal or intraportal injections of glucose was highly correlated with a reversal of the (normally positive) hepatic arterial-portal venous difference in blood glucose concentration, and therefore with periods of hepatic glucose uptake (162,172). Similarly, high positive correlations were obtained between the amount eaten following administration of such anorectic agents as epinephrine, norepinephrine, and amphetamine and the hepatic concentration of reducing sugars (173, 1741. It was suggested that the satiating potency of glucose, epinephrine, norepinephrine, and amphetamine is due to an increase in the intrahepatic concentration of free glucose, which, in the case of the anorexigens, results from the glycogenolytic actions of each of these agents (171, 173, 174~ although other nonspecific or metabolic effects of these treatments cannot be ruled out.
Subsequent work bY c Russek and others has sought to more directly evaluate the importance of postulated hepatic glucoreceptors in the control of food intake by comparing the satiating capacity of glucose infused via the portal vein as opposed to other enteral and parenteral routes. Intraportal glucose infusions have been reported to be more effective than intrajugular infusions in-reducing the short-term food intake in fasted dogs (165, 166). Portal infusions of glucose have also been shown to suppress food intake in rats (41) and rabbits (214), but because in these experiments no comparison was made with systemic infusions it is difficult to attribute these effects specifically to the liver. However, it is of interest that portal infusions of glucose in rabbits are effective only when the animal is deprived of food and do not otherwise reduce ad libitum food intake (136, 161, 213, 214). This finding suggests that the metabolic state of the animal must be taken into account in experiments investigating hepatic receptors involved in feeding.
Metabolic receptors in the liver may influence feeding behavior by modulating reactivity to taste. Campbell and Davis (47) have found that intraduodenal or intraportal injections of 5.5% glucose in mildly deprived rats depress the rate of licking glucose or sucrose solutions in a brief (2 or 5 min) access test, whereas jugular infusions of 5.5 or 25.5%# glucose had no effect. It should be noted that licking rate in such brief tests has been shown to be directly related to the concentration (sweetness) of the sugar consumed and not affected by postingestional factors (53). The magnitude of the suppression was dependent on the delay between infusion and access to the glucose solution with longer delays of 5 or 10 min resulting in less suppression than a delay of 1 min. Infusions of isotonic saline into the duodenum or portal vein had no effect on licking. These findings are reminiscent of those described above (38), which indicated that ionic receptors in the liver may modify preferences for isotonic saline. In this regard, it is interesting that gustatory acuity has been reported to be depressed in patients with acute or chronic liver diseases (197) .
There are a number of reported failures to obtain a suppression of food intake with portal infusions of glucose (23, 28, 29, 154, 198, 223) . Given the many procedural differences between these experiments and those in which portal infusions were found to be effective, it is difficult to account for the failures. However, there are several variables that warrant further, more systematic investigation. As mentioned above, the metabolic state of the animal being infused may be an important factor in determining whether portal infusions have any effect on feeding. In those studies demonstrating an effect of portal infusions in rats and rabbits (41, 47, 214), animals generally were tested under conditions of mild food deprivation or, at least, if deprivation was prolonged, animals were otherwise fed ad libitum. In some studies in which portal infusions had no effect, animals had been adapted to a 1 or 2 hl day feeding schedule before infusion tests began. Such restricted feeding schedules not only produce marked alterations in energy metabolism, but also, by maximizing feeding behavior during the test period, may mask subtle effects exerted by the liver. The conflicting fmdings in dogs (28, 29, 165) cannot be explained by gross differences in feeding schedules. However, in the iments that failed to demonstrate an effect of expermortal infusions, dogs were infused 4--10 min before given their daily ration of food, whereas in Russek's experiments (165) in which an effect was observed, dogs were infused afhr feeding had commenced. Thus, in the first case dogs were in a prolonged postabsorptive stak; in the latter experiments they were in the absorptive phase of digestion. There are other differences between these experiments, but it seems clear that a closer replication of the Russek experiments in dogs is in order.
Stimulated in part by notions implicating the liver in the control of food intake, Niijima (128) has obtained electrophysiological evidence for the existence of hepatic glucoreceptors. Using an isolated guinea pig liver preparation, he has recorded from single units in nerve slips dissected from the hepatic branch of the vagus. Addition to the perfusion medium of 0.3% glucose, but not isosmotic solutions of other hexoses (mannose, fructose, or gala&se) or pen&es (ribose, xylose, or arabinose), depressed the basal firing rates of spontaneously active units. Nerve activity was shown to be inversely related to the glucose concentration of the perfusate over a 0% 0.5% range. Activity of the proposed receptor was also highly oxygen dependent and subject to disruption by cardiac glycosides. In subsequent experiments, Niijima (131), recording from the hepatic vagus in situ, has observed decreases in firing rate of units in this nerve following infusions of glucose into the jugular or portal veins, the latter route of administration being more effective. Infusions of glucose 6-phosphate, fructose 6-phosphate, sodium pyruvate, and ATP into the portal vein also decreased the afferent discharge of units in the hepatic vagus. Consistent with Niijima's findings are those of Schmitt (178, 179), who found units in the hypothalami of rats that responded following portal infusions of glucose but not of equiosmotic sucrose, 
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Cutting the splanchnic nerves or spinal cord at T, abolished this effect, whereas vagotomy potentiated it. As with those units responding to intraportal saline injections (see above), a circadian rhythmicity in responsiveness was observed. Parallel work by Andrews and associates using isolated perfused rabbit liver has failed to provide support for the existence of hepatic glucoreceptors.
In these studies, addition of 0%5c;/( glucose (13) generally failed to alter the spontaneous discharge rate of afferent units, but 20% glucose frequently enhanced firing. These fmd-L ings are not easily reconciled with those of Niijima, as the differences between them could conceivably be attributed to any one of a number of differences in protocol, including the species employed, perfusion medium, temperature of perfusate. or recording site. However, using the rabbit liver preparation, Orbach and Andrews (140) have found populations of hepatic nerves that increased firing rates when sodium salts of longchain fatty acids were added to the perfusion fluid. Adding myristate in concentrations of 0.05 mM or more increased' discharge rate as did additions at higher concentrations of oleate, laurate, and palmitate. Injections of fatty acids into the portal vein cannula also stimulated nervous discharge, while simultaneous injections of plasma prevented this response. Given this 'last finding, it is not clear what role such nerves play L under more physiological conditions. Nevertheless, these findings do suggest that fuels other than glucose rn;iy provide adequate stimuli for metabolic receptors in the liver.
Other research which points to hepatic involvement in feeding induced by injections of insulin indicates that the liver detects changes related to the supply of oxidizable fuels to the organ and not just changes in glucose metabolism specifically (see ZL' Infusions of fructose, a metabolic fuel not utilized appreciably by the brain, abolished increased feeding of rats following injections of insulin despite continuing hypoglycemia, whereas infusions of sodium hydroxvbutyrate, a fuel utilized by brain but not by live;*, we&, depending on the concentration used, in'effective (0.6 M) or less effective (1.2 M) than fructose (71, 2021. The fact that the centrally mediated discharge of adrenal catecholamines during insulin hypoglycemia was prevented by infusions of hydroxvbutyrate but not bv administration of fructose demonstrated the central a%nd peripheral sites of action of the ketone and hexose, respectively. It should be noted that suppression of feeding durink infusion of 1.2 M sodium hydroxvbutvrate is somewhat difficult to c L interpret inasmuch as infusions of hyperosmotic saline 111~ decreased food intake. Further work is needed to rule out nonspecifIc effects on feeding during infusions of the more concentrated ketone solution.
More recentlv, it has been found that section of the hepatic branch"of the vagus nerve eliminates the suppression of insulin-induced feeding in rats produced by intr;ivenous infusion of fructose c Granneman and Friedman, unpublished observations). This finding not only indicates that the liver is the site of action for the infused fructose, but also shows that decreased food P. E. SAWCHENKO AND M. T. FRIEDMAN intake during infusion of fructose is not due to a general debilitation. As hepatic vagotomy did not affect the elicitation of feeding after insulin injections, these results further suggest that fructose is acting in the liver to inhibit feeding rather than to turn off some excitatory signal. The initiation of insulin-induced eating appears to be centrally mediated because infusion of glucose, which is utilized by both brain and liver, prevented increased food intake after insulin despite hepatic vagotomy. The hepatic vagus may also be involved in the normal control of food intake as section of that nerve disrupts the diurnal rhythm of feeding in rats (Sawchenko, Friedman, and Gold, unpublished observations). Though these findings may indicate that hepatic vagotomy interrupts afferent fibers from the liver, they should be interpreted with caution. Vagal activation has been shown to affect hepatic metabolism (e.g., 36, 185-187, 189) and it is possible that hepatic vagotomy may produce its effects by disrupting liver metabolism. In any case, these latter effects of hepatic vagotomy strongly implicate the liver in the control of ad libitum food intake.
Injections of Z-DG, a glucose analogue which inhibits glycolysis, have been shown to increase feeding in animals (197) and stimulate hunger in man (209). Novin and his colleagues (137) have reported that Z-DG more effectively stimulates feeding when injected into the hepatic portal vein than when it is given by a jugular route. However, their findings, which suggest a hepatic site of action for 2-DG, are not unambiguous. First, although rabbits eat more and start eating sooner after portal injections of Z-DG (137), the uptake of tritiated 2-DG (expressed as countslmin per g tissue) into the liver is comparable whether it is given by the portal or jugular route (X9). On the other hand, it should be noted that the peak uptake of 2-DG into the liver may correlate with the onset of eating regardless of infusion site (159); but as the feeding and uptake experiments were performed in different animals this intriguing finding must be viewed with reserve. Second, jugular infusions of 2-DG are more debilitating than portal infusions, presumably because more of the analogue reaches the brain (159) and thereby disrupts cerebral metabolism to a greater extent. Thus, portal infusions may be more effective because they cause less malaise (163). Third, although the observation that subdiaphragmatic vagotomy reduces the special effectiveness of portal infusions has led to the suggestion that the hepatic signal initiating eating is mediated via the vagus nerve (137), this finding is difficult to interpret as no data are presented showing the effect of vagotomy on eating elicited by jugular infusions of 2-DG. In addition, it is difficult to know whether vagotomy produces its effects by interrupting afferent or efferent fibers. In light of these considerations, the finding that celiac and mesenteric ganglionectomy enhance eating following jugular infusions of 2-DG and abolish eating after portal injections ( 181) are not easily explained.
Others have compared the effects of portal and jugular injection of 2-DG with conflicting results. There is one reported failure to obtain a differential effect on food intake between portal and jugular injections in rats (175). However, this failure may be due in part to the doses used (100-400 mg/kg), because others have reported that portal injections of 50 mg/kg of Z-DG in rats produced eating with a shorter latency but not of a greater magnitude than jugular injections (163). Given this latter finding and the problems discussed above, it is possible that experiments utilizing relatively low doses of Z-DG and more subtle behavioral tests may yield more consistent differences between routes of administration of this analogue. Finally, it has been argued that Z-DG has a central site of action on the basis of findings showing that intraportal infusions of fructose do not prevent eating elicited by injections of the glucose analogue (201). However, it is possible that %DG is especially effective in disrupting hepatic metabolism of fructose (see 43). Consistent with this explanation is the finding that feeding stimulated by Z-DG is prevented by portal infusions of fructose plus a small amount of insulin (Rowland and Stricker, personal communication 1. The neural mechanisms subserving gastric acid secretion during glucopenia have been thought to involve central chemoreceptors, probably based in the hypothalamus, whose efferent pathway is the vagus nerve (49,971. Recent findings suggest the existence of hepatic chemoreceptors that play a part in this secretory response (96, 98). In experiments using cats with intercollicular brain-stem transections, it has been shown that portal vein injection of Z-DG, in doses that were ineffective when given systemically, increased gastric acid output (W, although the secretory response was not as great as that observed in intact cats with lower doses of Z-DG. Because injection of Z-DG directly into the rhombencephalon via the left vertebral artery provoked a fullblown secretion in mesencephalic cats, the existence of multiple receptors controlling the gastric response was suggested.
Consistent with this notion of multiple receptors, one of which is hepatic, are the results of experiments examining acid secretion following injections of insulin (Granneman and Friedman, unpublished observations). Intraportal infusions of fructose, a hexose not taken up by brain, were more effective than jugular infusions in blocking gastric acid secretion during hypoglycemia in rats. This blockade occurred despite continuing hypoglvcemia, and control infusions of water, isotonic saline, or'equiosmotic mannitol had no effect on the response. Section of the hepatic branch of the vagus nerve abolished the inhibition of acid secretion by intravenous fructose, but had no effect on the block of secretion produced by infusions of glucose. These findings, which are essentially identical to those described above for insulin-induced feeding, suggest that receptors in the liver act to inhibit acid secretion whereas those in the brain may both initiate and terminate the response. Furthermire, since infusion of fructose prevented acid secretion despite hypoglycemia, the results again suggested that the adequate stimulus for these hepatic receptors is not necessarily a change in glucose metabolism per se.
R13 Miscellaneous Sensitivities
As a more general alternative to the hepatic glucoreceptor hypotheses, a role has recently been attributed to hepatic thermoreceptors in the postprandial suppression of food intake (59, 207). Local heating (0.5~l.O"C> of the liver, but not of other abdominal regions, specifically suppresses food intake in moderately fasted rats over 1-h sessions; water intake was not significantly influenced (59). The effect of heating was abolished by bilateral splanchnicectomy (207). During hepatic heating, rats were observed to spend a significant portion of test sessions engaged in masticatory, but not feeding, behavior.
Further study is warranted to determine whether these effects are independent from general elevation of core temperature or from malaise, each of which could conceivabIy account for these results. However, it should be noted that Adachi (2) has provided preliminary electrophysiological evidence for thermosensitive afferents in both isolated and cross-perfused rabbit liver. These units, distinct from the osmo-and glucoreceptors of Niijima (128, 129), increased firing in response to local warming of the liver. Lewis (110) surveyed the clinical literature on liver pain and found it to be a frequent concomitant of hepatitis, cirrhosis, hepatic carcinoma, and abscess. Some pain may have been due to traction on the coronary and falciform ligaments due to swelling of the liver (ZZO), but this cannot provide a complete explanation because pain was noted in the absence of swelling, as well as in the immediate response to biopsy or perforation of the liver (110). A role for the phrenic nerves in bearing nociceptive impulses was suggested by the observation that some 20% of the patients suffering from pain due to liver disease also experience a referred pain in the right shoulder (110, 132). The splanchnics may also be involved inasmuch as bilateral section of the great splanchnic nerves in cats abolishes the affective response to the injection of an irritant (hypertonic sodium iodide) into the hepatic artery ( 121).
DISCUSSION
Based on the foregoing survey, it would seem clear that the liver does indeed possess a variety of sensory capabilities; however, it is equally clear that gaps and inconsistencies in the literature preclude drawing firm conclusions about the mode of operation and normal physiological function of any one of the posited hepatic sensory mechanisms.
The anatomic evidence for hepatic neural receptors is largely circumstantial.
Direct evidence often rests on incidental observations made during the course of more general studies of the liver's nerve supply. Though it may be inferred from the preponderance of sensory fibers in the abdominal autonomic nerves that a significant fraction of the hepatic nerves is indeed afferent, precise estimates of the extent of the sensory innervation await comparisons of fiber counts of hepatic nerves in animals with and without nerve sections distal to the sensory ganglia. Anatomic techniques that rely on the axoplasmic transport of horseradish peroxidase or radio- active amino acids may also help to demonstrate the extent and distribution of hepatic afferents. The location and morphology of hepatic receptors are virtually unknown, the only systematic investigation of them being that of Tsai (210). As was noted previously, fine structural criteria for identifying visceral afferents have been suggested (45, 46), and it may be useful to apply these in a thorough transmission electron microscopic search of the liver and its vasculature for afferent nerves and their endings. On the other hand, it is possible that hepati c afferen ts may not have specialized endings but rather have a special , ized location or biochemistry, thus limiting the power of anatomic studies. In this respect, application of methods combining electrophysiological and anatomic techniques may be potentially more informative. For example, in studies examining single-unit activity of hepatic afferents, it may be worthwhile to iontophoretically apply an orthograde anatomic marker at the conclusion of the experiments, in the hope of locating and identifying the morphological substrate of the recorded response.
Electrophysiological experiments showing hepatic sensitivity to a wide variety of stimuli probably provide the best evidence for sensory functions of the liver. However, this area of investigation is clouded by apparent conflicts as to what the adequate stimuli for certain receptors are under normal conditions. For example, it is not clear whether metabolic receptors are substratespecific or whether the adequate stimulus is a metabolic change common to the utilization of various substrates. Similarly, it is not clear whether "osmoreceptors" identified electrophysiologically respond to changes in osmotic pressure or to changes in specific ion concentrations (13). Procedural and species differences between laboratories involved in this work, which could conceivably account for some of the disparities, have been enumerated above. Another potential source of confusion may derive from the fact that much of this research has been done with isolated liver preparations perfused with media lacking colloid, which itself has been shown to be capable of initiating (14) or blocking (140) hepatic afferent discharge.
Although convincing functional evidence from physiological and behavioral studies has been marshaled to support the existence of several hepa .tic receptor systerns, in terpretive problems exist. For instance, a good deal more attention needs to be paid to the quest& of whether nerve sections that alter a given response do so with any degree of specificity. Given the firm evidence for efferent influences on a number of hepatic vascular and metabolic functions, it is possible that some effects of nerve sections heretofore interpreted as being due to deafferentation might well be a result of shifts in efferent autonomic tone, the effects of which might be appreciated remotely and by neural or nonneural means. In addition, caution must be exercised in drawing conclusions from behavioral experiments that involve extensive nerve sections, particularly when such denervations produce decrements in behavior; debilitation incurred from these procedures might limit the animal's capacity to perform without affecting the machinery underlying the response.
With regard to nerve section experiments, it should be noted that total denervation of the liver in dogs has been reported (29) to produce no gross impairments in food intake, a finding which appears to cast doubt on the role of the liver as a sensory organ important in the control of feeding behavior. However, as food intake is likely to be under the control of a variety of factors and, presumably, under the influence of several receptor systems, it may not be surprising that elimination of the hepatic component does not produce striking effects since these other controls may compensate. Furthermore, it is difficult to know what can be concluded after complete hepatic denervation regardless of its effect because this procedure may interrupt neural pathways which may serve opposing functions. Rather, our recent findings (Sawchenko, Friedman, and Gold, unpublished observations) and those of others (3, 38; Granneman and Friedman, unpublished observations) lead us to conclude that it is more profitable to selectively denervate the liver and look for more subtle behavioral and physiological consequences in the hopes of understanding the contribution of hepatic receptors to the maintenance of homeostasis.
Despite ambiguities and unanswered questions raised above, some general conclusions about the role of hepatic sensory mechanisms in the intact animal may be gleaned from the existing data. The liver is the primary site in the alimentary system where largely uncensored input in the form of ingesta can be weighed against bodily needs (72). Within this context, the normal role of hepatic sensory input may be to provide an "earlywarning" signal that may recruit physiological and' behavioral responses to homeostatic challenges that occur as a consequence of consumption. Because the liver is intimately involved in the metabolism and disposal of nutrients, receptors in the liver, in contrast to those in the gastrointestinal tract (184), may inform the brain about the caloric content of ingested foodstuffs. Inasmuch as the liver modulates gastrointestinal function, hepatic receptors may also relay information concerning the nature and extent of the gastrointestinal supply of nutrients and fluids, thus providing a feedback control of gastric emptying. Perhaps regulation of caloric emptying from the stomach (90) is based in part on such feedback signals of hepatic origin.
Reflex loops involving hepatic sensory signals may operate at all levels of the nervous system (98). However, the finding that impulses from some hepatic receptors ascend at least to the level of the hypothalamus (178, 179) raises the possibility that signals from the liver may interact with mechanisms controlling centrifugal influences on intra-and extrahepatic autonomic functions (25-27, 32, 153, 191 between the circadian-shifts in hepatic metabolism and the neurological mechanisms controlling food intake. Collectively , the frndi ngs indicate that studies of the sensory functi ons of the liver should take into account the time of day when experiments are performed.
There has been some speculation about how physiological events in the liver are transduced into a neural signal. Based on correla tions between membrane po #ten-tials of hepatocytes and food intake in rats, Russek and Grinstein (170) have suggested that changes in hepatocyte membrane potentials due to ion fluxes associated with glucose transport may provide a means by which metabolic events are translated into neural impulses. However, it should be emphasized that it is not clear whether the observed changes in membrane potential are specific to glucose transport since ion fluxes may precede or be independent of glucose efYlux from the liver (for a review see 193) or whether changes in membrane potentials in fact give rise to nerve signals.
Drawing from experiments using metabolic poisons such as 2-DG and ouabain, others have hypothesized that transduction in ionic receptors may be mediated via changes in the activity of the electrogenic sodium pump of free nerve endings (38,131). Other mechanisms are possible; for example, the finding that acetylcholine, 5-hydroxytryptamine, and epinephrine increase afferent discharge rate of hepatic afferents (12) raises the possibility that neurotransmitters in the blood or released l&ally W ithin the liver may provok sensory signa 1s from the liver . Certainly, .e or modulate whatever the mechanism, elucidation of the process of transduction will await specification of and-firm control over the stimuli which are detected by the sensory apparatus of the liver. 
